A new and simple flow injection method followed by atomic absorption spectrometry has been developed for the indirect determination of ascorbic acid. The proposed method is based on oxidation of ascorbic acid to dehydroascorbic acid using a solid-phase manganese dioxide (30% m/m suspended on silica gel beads) reactor. The flow of the sample through the column reduces the MnO2 to Mn(II) in an acidic carrier stream of 6.3 mM HNO3 (pH 2.2) with flow rate of 4.0 ml/min at room temperature; Mn(II) is measured by atomic absorption spectrometry. The absorbance of Mn(II) is proportional to the concentration of ascorbic acid in the sample. The calibration curve was linear up to 30 mg/L, with a detection limit of 0.2 mg/L for a 220 µL injected sample volume. The developed procedure was found to be suitable for the determination of AsA in pharmaceuticals and foods with a relative standard deviation better than 1.09% and a sampling rate of about 95 h -1 . The results exhibit no interference from the presence of large amounts of organic compounds. The reliability of the method was established by parallel determination against the 2,6-dichlorophenolindophenol methods.
Introduction
Ascorbic acid (AsA) is an important vitamin which participates in a great variety of biological events concerning electron transport reaction, hydroxylation, the oxidative catabolism of aromatic amino acid, and others. Measuring the concentration of a marker chemical commonly assesses food deterioration and product quality; ascorbic acid is one such indicator. It is important to detect it selectively and conveniently in routine analysis.
There are a few studies about using solid-phase reactors for determination of inorganic and organic compounds. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Today, it is known that the use of solid-phase reactors incorporated into flow injection analysis (FIA) manifolds may offer certain advantages over homogeneous systems such as decreasing of reagent consumption, utility for the in situ preparation of unstable reagents and simplification of the system with fewer junctions for mixing of reagents, sample and carrier streams. 1, 2, 8 So, it is important to find these kinds of reagents for application in every laboratory.
The interaction of oxidizable organic and inorganic compounds with soil MnO2 mineral has received little study by spectroscopic techniques. [13] [14] [15] [16] Behavior of Mn in soils and geochemical sediments is generally assumed to be mediated by redox reactions. Data based on frontier molecular orbital theory (FMOT) considerations show that oxides containing Mn(IV) can oxidize organic compounds more rapidly than dioxygen. 14 Manganese dioxide has been applied to oxidation of Cr(III), 15, 16 catechol, 14 alcohols 13 and aniline. 17 In all studies, manganese dioxide reduced to the Mn(II) that is released.
Flame atomic absorption spectrometry (FAAS) for indirect determination of AsA also has several reports. [18] [19] [20] [21] [22] [23] [24] But most of these methods have a prior separation procedure of the product reduced by AsA with ion exchange resin; precipitation occurs and the methods are unsuitable for routine application in terms of the rate of analysis, or because of the applied complex flow injection system.
To the best of our knowledge, no manganese dioxide solidphase reactor has been reported for an analytical determination. Our basic study has been shown that in an acidic media, ascorbic acid can reduce MnO2 to Mn(II).
The present paper describes for first time the details of the development of a manganese dioxide solid-phase reactor for automatic indirect determination of ascorbic acid with an AAS detection system without using any separation methods.
Experimental

Reagents and solutions
All reagents were prepared from analytical reagent grade chemicals unless specified otherwise. All aqueous solutions were prepared with redistilled water. Ascorbic acid stock solution 1000 mg/L was prepared freshly before each measurement by dissolving 0.1000 g of ascorbic acid in 100 ml of water.
The solution for the carrier stream with pH 2.2, was prepared by dilution of HNO3 (Merck) with redistilled water to a final concentration of 6.3 mM. The silica gel beads (mesh 230 -400, 0.04 -0.063 mm; Merck) were treated for 3 h at 950˚C for irreversible dehydration, 25 before mixing with manganese dioxide (Merck).
2,6-Dichlorophenol-indophenol (DCPIP) solution 2 × 10 -3 M was prepared by dissolving 0.0300 g of reagent in 2.5 × 10 -3 M NaHCO3 and diluting to 100 ml in a calibrated flask. 26 
Instrumentation
A schematic diagram of the flow injection system is given in Fig. 1 . A variable flow-rate liquid chromatography pump (Bruker, Germany, Model LC22) was used to pump carrierstreams and the sample via a degasser (Erma, Tokyo, Model ERC-3522) through the manifold at a flow rate of 4.0 ml/min. Manifold lines consisted of 0.8 mm i.d. polyethylene tubing. The six-way injection valve (Rheodyne, Model 7125) allowed the sample to be directly loaded into a 220 µL loop, and subsequently injected into the carrier stream. The injection valve was kept in the load position for the first 10 s of every run to load the sample loop, after which it was switched to the inject position to place the sample plug into the carrier stream. The valve was kept in the inject position for a further 30 s to ensure that the entire sample was flushed out of the sample loop. This was followed by switching the valve to the load position to fill the sample loop for the next run. After being placed in the carrier stream, the sample zone was pumped through the solidphase reactor. The products were channeled to a Philips atomic absorption spectrometer (Model PU 9110X) with an air-acetylene flame and 5 cm optical path-length (burner). The light source was a Mn hollow cathode lamp. The wavelength was set to 279.5 nm with a spectral slit-width of 0.5 nm and a lamp current of 9 mA.
The solid-phase reactors
The solid-phase reactor was constructed from stainless-steel tubing with i.d. of 3 mm and length of 100 mm. The tubing was packed by silica gel beads embedded in solid MnO2. The reactor was prepared by mixing 0.7 g powdered solid manganese dioxide (Merck) and 1.4 g of silica gel beads. This mixture was homogenated using an IR vibration mill (Shimadzu, Japan). Each packed reactor had to be conditioned for at least 50 min before use. Conditioning involved pumping redistilled water through the reactor for 25 min followed by pumping the carrier stream, 6.3 mM HNO3 (pH 2.2), for another 25 min at flow rates of 4.0 ml/min. The lifetime of each reactor was established by comparing absorbance for the same standards from day to day. When the absorbance started to decrease systematically and drastically, the reactor had to be replaced. The total number of samples that could be processed with one column varied between 750 and 800, depending on the ascorbic acid concentration.
Vitamin C tablets
Ten tablets of vitamin C drug were accurately weighed, ground, powdered and dissolved in doubly distilled water. The content of the flask was shaken for 5 min and then it was filtered. Titration with DCPIP was employed to validate the response of the FIA in the materials. The samples were diluted to within the working range of the FI and were assayed.
Real samples, fruit juices and foods
Fresh fruit juices, fruit juice made from concentrate and flu remedies vitamin C tablet were selected. For the analysis of foods, samples of cucumber (100 g) and tomato (30 g), orange (20 g), grapefruit (40 g) and lemon (30 g) were cut into small pieces and pounded into a paste with 20 ml of 0.2 M HNO3 in a mortar box with a pestle, and then diluted to 100 ml with water. The supernatant was filtered through a dry Whatman No. 1 filter.
Results and Discussion
Analysis with MnO2
As reported in previous studies, [13] [14] [15] [16] the equation for the net reaction between a compound, ascorbic acid in this work, and MnO2 is as follows:
Thus, ascorbic acid (C6H8O6) reduces MnO2 to Mn(II) and dehydroascorbic acid (C6H6O6) is formed. The absorbance of Mn(II) is proportional to the concentration of ascorbic acid in the sample. Hence, we used manganese dioxide solid reagent for the determination of ascorbic acid in a flow injection system. Ascorbic acid, when added in increasing amounts, consumes manganese dioxide and increases the Mn absorbance. The absorbance is found to increase linearly with increasing concentration of ascorbic acid, which forms the basis for its determination.
Optimization of variables
The performance of the proposed flow-injection system depends on the efficiency of the reaction at the interface between the solid and liquid phases of the reactors. The acid HNO3 concentration in carrier stream, the MnO2 concentration in reagent section, the loop volume and the temperature also had major effects and had to be optimized.
The contact time between the sample zone containing AsA and the reactor is very important for the reaction to proceed sufficiently. Because this depends on the flow rate of the 656 ANALYTICAL SCIENCES JUNE 2005, VOL. 21 sample zone through the reactor, a study of the flow rate of the carrier stream was conducted. Flow rates between 1.5 and 7.0 ml/min were evaluated. The optimization is shown in Fig. 2 . The highest analytical signal (absorbance) was found for a rate of 4.0 ml/min. At the lower flow rates down to 4.0 ml/min, the resulting absorbance is low, because of increased longitudinal diffusion. Decreasing absorbance was found for flow rates above 4.0 ml/min, because the reaction between AsA with MnO2 had not gone to completion. A carrier flow rate of 4.0 ml/min was selected in order to obtain maximum sensitivity and minimum residence times. Under these conditions, at least 95 injections per hour can be performed. Based on the above reaction, an acidic carrier is required for the completion of the reaction between AsA and MnO2. Care should be taken that the concentration of the acid in the carrier stream will give optimum performance, but without any destruction to the response reactor. The response of oxidation reactor was studied by using HCl, H2SO4, H3PO4 and HNO3 acids in the carrier stream. Nitric acid was chosen as the best acid, mainly because the greatest absorbance of the oxidation reactor was achieved with this acid. The effect of pH value between 1 and 5.8 (preparation from nitric acid) was evaluated (Fig. 3) . The analytical signals decreased with an increase in pH, because the reaction between AsA species with reagent is pH dependent. There was increase in height absorbance when the pH value was decreased below 2.2 to 1, so the pH of 2.2 was chosen as optimum.
The pressure drop across the reactor was diminished by using MnO2-silica. Figure 4 shows the results of increasing the MnO2:silica ratio on the amount of absorbance. A 30% MnO2 mixture was chosen to ensure longer reactor lifetime and better sensitivity. Figure 5 shows the relationship between injection volume and absorbance at an ascorbic acid concentration of 38 mg/L. The absorbance was found to increase with the injected sample volume. The height absorbance was obtained for loop volume upper of 220 µL, so the loop volume of 220 was chosen as optimum. The resulting curve was extrapolated to the steady state in order to compute the dispersion coefficient (D). 27, 28 The dispersion, using a 220 µL sample injection and a flow rate of 4 ml/min, was found to be 1.47.
Finally, the effect of the reactor temperature between 10 and 90˚C was evaluated. The optimization is shown in Fig. 6 . The analytical signals were constant for temperatures between 10 to 50˚C and then increased with an increase in temperature up to 90˚C due to a faster reaction. We chose 25˚C as the optimum temperature for a simple system.
Sample matrix interference
The investigation of interferences was carried out for the AsA-MnO2 reaction, by adding the interfering element to an AsA standard solution. Tolerance is defined as the maximum weight ratio of foreign compounds to AsA producing an error of ±5% in the determination of 11 mg/L AsA. According to this work, no interference is observed from organic compounds such as glucose, sucrose, fructose, lactose, mannitol, citric acid, succinic acid, oxalic acid, malic acid, tartaric acid, sodium hydrogen sulfite, calcium chloride, sodium chloride with weight ratio up to 700 and from organic compounds such as maleic acid, benzoic acid salicylic acid, salicylicamide and acetaminophen with weight ratio up to 300.
Evaluation of the method and precision
Using the experimental conditions described above, the calibration graph is linear up to 30 mg/L and is described by the equation: A = 0.004 + 0.0187CAsA, r = 0.9996, n = 11 where A is the absorbance, CAsA is the ascorbic acid concentration (mg/L), r 657 ANALYTICAL SCIENCES JUNE 2005, VOL. 21 is the correlation coefficient and n represents the number of determinations.
The detection limit (DL) was calculated using the equation DL = 3Sbk/m, where Sbk is the standard deviation of blank signals for 10 determinations and m is the slope of the calibration graph. The calculated DL was found to be 0.2 mg/L.
Precision and accuracy of proposed method
The precision of the method was determined by seven repetitive analyses of different standard solutions under the optimum conditions. The results are shown in Table 1 . These results indicate that the relative standard deviation (RSD) could be better than 1.09%.
Recovery tests
Recovery tests using the proposed method were performed using five different samples, and the test for each sample was carried out in triplicate. As shown in Table 2 , the recoveries of ascorbic acid added to cucumber, tomato juice, orange juice, grapefruit juice and lemon juice were all between 98.7 to 103.2%. The results of the recovery tests are very good.
Application to pharmaceuticals
The proposed method was applied to the determination of AsA in vitamin C tablets. Table 3 , the mean difference, -d, is 1.02 and the standard deviation of the differences, sd, is 2.36. The calculated t was found to be 0.97. The critical value of t (tabulated t) for n -1 degrees of freedom (in this work 4) is 2.78 (P = 0.05). Since the calculated value of t is less than this, the null hypothesis is not rejected: the methods do not give significantly different results for acid ascorbic concentration. 29 These results indicate that the rapid and selective proposed method could be readily implemented on a very simple and stable FIA system.
Conclusions
A new solid-phase reactor in a continuous-flow procedure is proposed for the determination of AsA in pharmaceuticals and foods. The manifold is provided with a solid-phase reactor containing immobilized MnO2. The sample is forced through the reactor and the liberated manganese ions are then monitored by an atomic absorption spectrometer. The procedure resulted in a selectivity which fits well with that of the real samples tested. A sample injection reproducibility of 1.09% (RSD) was calculated. The MnO2 reagent used is cheap, safe, stable and readily available in every laboratory. The recovery for the proposed FIA system is close to 100%. Relative error, % 
